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We have measured the structure of the field cooled flux line lattice (FLL) in single crystal Nb
using small angle neutron scattering. Augmented by transport and thermodynamic data, a scenario
for the dramatic disordering of the FLL near the peak effect emerges. A precursor to the peak
effect is an hexatic FLL as positional order is lost. As the critical current rises, the orientational
and longitudinal correlation lengths also fall, leading to an amorphous array of lines at the critical
current maximum. [S0031-9007(97)05112-0]


















ofA reexamination of the statics and dynamics of th
flux line lattice (FLL) in conventional materials is now
taking place [1], focusing on the peak effect in the
critical current, a violent maelstrom of disordered flux
motion interacting with pinning defects. Although this
effort was stimulated by the new understanding of th
FLL phase diagram [2] in high temperature and thin film
superconductors, the peak effect has become central
understanding the unusual dynamic response of the FL
The nature of the peak effect near FLL phase transitio
in the high-Tc superconductors, while probably differen
in detail, is similarly a topic of intense scrutiny [3].
In this Letter we present structural data, using sma
angle neutron scattering (SANS), on the FLL of singl
crystal Nb through the regime of the peak effect. W
present the first measurements of all three FLL correlatio
lengths, two transverse and one longitudinal. These da
combined with thermodynamic and transport studies o
the same sample, lead to a comprehensive model of
morphology for the field cooled FLL through the peak
effect.
Our study was performed on a cylindrical,6.7 mm 3
; ­ 4 mm, annealed Nb crystal. The [110] axis was pa
allel to within 5± of the cylinder axis. The crystal mosaic
was 0.2±, with no signs of additional domains in bright
field diffraction images. This was the best mosaic ob
tained during annealing studies, and it was also our large
monodomain sample. Transport showed a residual r
sistivity ratio ø 1000, Tc ­ 9.16 K and a superconduct-


















specific heat data were consistent with earlier studies
high purity Nb [4]. Of particular relevance to the SANS
data is the value ofk1 ­ Hc2y
p
2 Hc ­ 0.96lLs0dyj0.
At T ­ 6.4 K, k1 ­ 0.99, and at T ­ 4.6, k1 ­ 1.24.
These values attest to the high quality of our sample, a
also point to its proximity to the type-I–type-II boundary
which limits the low field range of our data.
Our studies were performed at the SANS facility in th
cold neutron guide hall of the Risø DR3 reactor. Th
crystal was masked with cadmium, leaving a circular ho
3.7 mm in diameter to reduce specular reflections a
scattering from the distorted FLL near the sample surfa
The magnetic field was parallel to both the inciden
neutrons and the cylinder axis of the sample. The angu
divergence, which dominated the experimental resolutio
was between 0.13± and 0.18± FWHM. The energy
divergence was fixed atDlyl ­ 0.18. The diffracted
neutrons were counted by an area detector located 6
from the sample.
The FLL for this orientation is nearly hexagonal an
oriented by the crystal lattice [5]. Shown in Fig. 1 ar
the averageq and reflectivity, extracted from integrated
intensity over rocking curves, for the first order diffractio
peaks. The low field region of constantq and falling
intensities [6] is the intermediate mixed state, typical
marginally type-II, clean samples. We concentrate o
analysis onh ­ HyHc2 . 0.65, where the sample is fully
in the mixed state.
At the intensity peak, the reflectivity into the first orde
diffraction pattern approaches 10%, and all orders© 1998 The American Physical Society 833














FIG. 1. Shown are theq value and reflectivity of the first
diffraction peak atT ­ 4.6 K (open symbols, dashed line) and
6.4 K (solid symbols, full line) versus field. Forh ­ HyHc2 ,
0.5, the sample is in the intermediate mixed state. Analysis
the SANS data was performed forh . 0.65, where the sample
is in the mixed state.
diffraction out to (3,0) are seen. Such large reflectivi
leads to substantial multiple scattering corrections f
higher order reflections, so our analysis is derived entire
from the first order peaks. Analysis of the form facto
was performed using first order Ginzburg-Landau (GL
corrections to the London model [7]. Separate fits usi
the Clem model [8] gavek1sT ­ 6.4 Kd ­ 0.82 and
k1sT ­ 4.6 Kd ­ 1.34, consistent with the GL analysis
and in agreement with thermodynamic studies. Typic
of these models, the individual values ofj ­ 29.7 nm
and l ­ 25.2 nm are both about 30% lower than th
thermodynamics data.
Three FLL correlation lengths can be determined [
from a SANS experiment. Fits to the azimuthal and rad
widths of data in the plane of the detector, such as a
shown for three different fields in Fig. 2, give information
on two correlation lengths perpendicular to the flux line
The radial width, corrected for instrumental resolution
gives the positional correlation lengthjk, parallel to
the reciprocal lattice vectorG, and is related to the
compressive displacements of the FLL. Similarly, th
azimuthal width givesj', perpendicular toG, which is
related to shear displacements. The last length, deriv
from the width of the rocking curve in our geometry, i
the longitudinal correlation lengthjL, a measure of the
correlations along the flux lines, which is related to ti
displacements. Our experimental setup is optimized
jL, where the resolution is roughly 2 orders of magnitud
better than for eitherjk or j'. Macroscopic field
gradients, which can influencejk andj' were minimized
using both a field cooled procedure and masking of t
perimeter of the sample. In addition, such effects we
checked for using analysis of higher order diffractio

























FIG. 2(color). Shown are diffraction patterns from the FLL
in three regimes atT ­ 4.6 K. Top: FLL crystal (H ­
1.1 kOe, h ­ 0.47). Middle: hexatic FLL just below the peak
effect (H ­ 2.15, h ­ 0.91). Bottom: ring of scattering from
amorphous FLL (H ­ 2.25, h ­ 0.96). The radial width of the
peaks determines the positional correlation length (,1a0), the
azimuthal width of the peaks gives the orientational correlatio
length, and rocking through the Bragg gives the longitudina
correlation length (,100a0). Nonuniform peak intensities are
instrumental artifacts.
The results of the SANS experiments atT ­
6.4 K and T ­ 4.6 K are summarized in Fig. 3. The
data are plotted versus reduced fieldh ­ HyHc2, where
Hc2sT ­ 6.4 Kd ­ 1.55 kOe and Hc2sT ­ 4.6 Kd ­
2.35 kOe. The positional correlation length, normalize
to the measured FLL spacinga0smmd ­ 0.134B21y2skGd,
is shown in the middle panel. At low fields, all correlation
lengths are long, and the FLL is a well ordered crystal a
shown in Fig. 2, top. As a precursor to the peak effec
we find that jkya0 , 2 at the minimum in the criti-
cal current, where strong deviations fromJch ­ const
begin at both temperatures. As the critical current rise
we find jkya0 ! 1 (Fig. 2, center). Commensurate with
jkya0 , 2 is the onset of a rapid reduction inj', shown
in the bottom panel of Fig. 3. A uniform ring of scat-
tering (Fig. 2, bottom), withjkya0 ­ 1 andj'ya0 ­ 1,
is seen only at the peak in the critical current. Thi
dramatic and complete positional disordering is in acco
with the widely accepted scenario for the peak effect:
is a static, structural disordering of the FLL.
Pioneering studies of the positional correlation lengt
were first performed by Lippmannet al. [10]. In those
data, the focus was on the doping dependence, and
regime of the peak effect was not measured. Mo
recently [11], Lynn et al. studied the two transverse
correlation lengthsjk and j', interpreting the reduction
of these length scales in terms of FLL melting, althoug






























FIG. 3. Shown is a summary of all three correlation length
extracted from the SANS data atT ­ 4.6 K (open squares) and
6.4 K (solid circles). The lines are guides to the eye.
the data in this case did not extend to the amorphous r
of scattering. In the range of overlap, our data forjk and
j' are qualitatively similar to Lynnet al., although the
lower k1 of our crystal shifts the field scale.
To complete these data, we also measuredjL. These
data are shown in the top panel in Fig. 3. Somewh
surprisingly, up to the rise in the critical current,jL is
large and increasing with field. Only above this rise
where the scattering in the plane of the detector
approaching an isotropic ring, do we see a reduction in t
longitudinal correlations. Even at the peak in the critic
current, however,jLya0 ¿ 1, meaning that the flux lines
are still extended objects.
We have attempted to fit the data below the peak effe
using the Larkin-Ovchinnikov (LO) collective pinning
model [12], which relates the correlation length to th
measured critical current. This gave poor fits to the fie
dependence and also required unacceptable numer
prefactors (,0.01) in the expression for the correlation
lengths. While this model has shown to work well a
the low fields [13], it is generally accepted that it shou
break down near the peak effect. In the regime abo
the maximum in jLya0, however, the amorphous or
single vortex pinning limit [14] of the LO theory fits
our data. This limit, appropriate forjkya0 , 1, gives
jL ­ Af´0a0s1 2 hdyjc;0g1y2. UsingA , 0.7, from our
















In the regime where the amorphous limit of the LO
theory describes our data, we can use the same appro
mation to understand the microscopic origin of the pin
ning. Defining w ­ jLj'2Hc2s jchd2 ­ w0sT dhps1 2
hd2 gives p ­ 1 for pinning due to variations inTc and
p ­ 3 for variations in mean free path. Our data are con
sistent withp ­ 1, which seems plausible asTc in Nb
is very sensitive to variations in local oxygen, hydrogen
or nitrogen concentration. The prefactor also agrees w
the expectedw0sT d , f1 2 sTyTcdg2. Thus, the major
pinning centers appear to be point defects due to su
impurities.
In order to locate the FLL features precisely relativ
to the peak effect of this sample, we have measured t
critical current using local magnetization, global magne
tization, and low frequency transport. For magnetizatio
studies, the sample was heat treated in oxygen for 10 m
at 330±C to reduce surface effects. This heat treatmen
while leaving the peak effect virtually unaffected, reduce
the hysteresis just below the peak by almost a factor
4. The critical state model [15] was used to extract th
critical currents shown in Fig. 4. Transport critical cur
rents were measured on0.35 mm 3 0.35 mm 3 3.5 mm
bars cut from the large sample. These bars were etch
and heat treated, and data were taken with the sample
mersed in4He to reduce joule heating. The peak effec
data are qualitatively similar to the magnetization critica
currents, but were always contaminated by surface defe
and damage near the contacts. In the magnetization cr
cal currents, the peak effect increases in magnitude a
shifts to slightly lower reduced field as the temperatur
is reduced. At lower temperatures in these clean sampl
k1 increases and the sample is more strongly type-II. Th
agrees with our SANS data, where the disordering featu
also moves to lower reduced field at lower temperature.
FIG. 4. Shown is the magnetization critical current throug
the peak effect forT ­ 4.6 K (open squares) andT ­ 6.4 K
(solid circles). The structural regimes are identified by th
arrows.835

















Combining the transport and SANS data leads
a detailed description for the disordering of the FLL
through the peak effect, as sketched in Fig. 4. In gener
the positional correlation length is dropping forh .
0.5. The minimum critical current and the departur
of the critical current from the simple constant pinnin
force, constantJch limit coincides with jkya0 , 2.
As the critical current starts to rise, ultimately leadin
to the peak effect, we see three signs of disorderin
First, positional order is completely lost, asjkya0 ! 1.
Second, there is a rapid reduction of the orientation
correlation lengthj'ya0. Third, there is a peak in the
longitudinal correlation length. From this point up to
the peak, the FLL is structurally similar to a hexatic o
long flux lines as shown in the center panel of Fig. 2
although the orientation is not spontaneous, but rath
imposed by the Nb crystallography. At the location o
the peak,jkya0 , 1, and there is also complete loss
of orientational order, withj'ya0 , 1. The scattering
in the plane of the detector is then a uniform ring a
shown in the bottom panel of Fig. 2, which has not bee
previously observed. Structurally, this corresponds to
completely amorphous pattern of lines. Throughout th
range, the longitudinal correlation length,jL, although
falling, remains long.
It is tempting to interpret the isotropic ring of scattering
at the peak in the critical current as the signature
a pinned liquid of flux lines. A thermodynamic liquid,
with zero critical current, is not seen, and would not b
expected in our Nb based on a Lindemann criterion [1
estimate. Further, the region above the peak injL is
well described by the amorphous limit of the collectiv
pinning theory, which describes solid vortex phases. W
conclude that the amorphous FLL in this regime is
highly disordered solid consisting of linelike objects
However, the static structure factor alone is insufficie
to distinguish definitively between a pinned liquid and a
amorphous solid. Resolution of this distinction require
dynamic measurements of the structure. One could eith
try to quench the amorphous system seen close toHc2
in order to estimate the time scales involved or examin
the FLL in the presence of a current in excess of th
critical current. Although there are as yet no data ne
the peak effect, both early data [17] in Nb nearh , 0.5,
and our studies [9] of NbSe2, also forh , 0.5, show the
dramatic effect a transport current can induce. A pinne
liquid should remain disordered above the critical curren
whereas an amorphous solid should order into a lattice
seen in low field NbSe2 experiments. Specific predictions
for the ordering in the vicinity of the peak effect for

































et al. [18] based on transport data. No conclusive resul
for either type of experiment could be obtained with ou
present setup and samples.
In conclusion, we have combined SANS with thermo
dynamic and transport data on a high quality Nb crysta
to obtain a complete scenario for the field cooled FLL
through the regime of the peak effect. We see a varie
of FLL structures as the lattice disorders through hexat
and fully amorphous regimes. We believe these data w
be an essential component in the interpretation of this fa
cinating regime of conventional, type-II superconductors
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